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Abstract
/RQJWHUPVWRUDJHRI&2LQXQGHUJURXQGUHVHUYRLUVUHTXLUHVDFDUHIXODVVHVVPHQWWRHYDOXDWHULVNWRJURXQGZDWHUVRXUFHV7KH
IRFXVRIWKLVVWXG\LVWRDVVHVVWLPHIUDPHVUHTXLUHGWRUHVWRUHZDWHUTXDOLW\WRSUHLQMHFWLRQOHYHOVEDVHGRQRXWSXWIURPFRPSOH[
UHDFWLYH WUDQVSRUW VLPXODWLRQV WKDWH[KLELWSOXPHUHWUDFWLRQZLWKLQD\HDUVLPXODWLRQSHULRG:HH[DPLQHG WKH UHODWLRQVKLS
EHWZHHQ SOXPH YROXPH FXPXODWLYH LQMHFWHG &2PDVV DQG SHUPHDELOLW\ 7KH UROH RIPLWLJDWLRQ ZDV DVVHVVHG E\ SURMHFWLQJ
IDOORIIVLQSOXPHYROXPHVIURPWKHLUPD[LPXPSHDNOHYHOVZLWKD*DXVVLDQIXQFWLRQWRHVWLPDWHSOXPHUHFRYHU\WLPHVWRUHDFK
SRVWLQMHFWLRQ JURXQGZDWHU FRPSRVLWLRQV  7KH UHVXOWV VKRZ D VWURQJ FRUUHODWLRQ EHWZHHQ FXPXODWLYH LQMHFWHG &2PDVV DQG
PD[LPXPSOXPHS+YROXPHVDQGDSRVLWLYHFRUUHODWLRQEHWZHHQ&2IOX[FXPXODWLYHLQMHFWHG&2DQGSOXPHUHFRYHU\WLPHV
ZLWKVHFRQGDU\GHSHQGHQFHRQSHUPHDELOLW\2XUDQDO\VLVVXJJHVWVWKDWQDWXUDOUHFKDUJHKDVWKHSRWHQWLDOWRUHPHGLDWHFKDQJHVWR
JURXQGZDWHUFKHPLVWU\EXWLWPD\WDNHVHYHUDOGHFDGHV

7KH$XWKRUV3XEOLVKHGE\(OVHYLHU/WG
6HOHFWLRQDQGSHHUUHYLHZXQGHUUHVSRQVLELOLW\RI*+*7
Keywords:8QFHUWDLQW\TXDQWLILFDWLRQ&2VWRUDJHULVNDVVHVVPHQWUHDFWLYHWUDQVSRUWJURXQGZDWHUZHOOERUHPLWLJDWLRQSOXPHUHFRYHU\
1. Introduction
'HHSXQGHUJURXQGVWRUDJHRIFDUERQGLR[LGH&2IURPVWDWLRQDU\VRXUFHVLVDSURPLVLQJVWUDWHJ\WRPLWLJDWHWKH
HIIHFWVRIJOREDOFOLPDWHFKDQJH>@+RZHYHUORQJWHUPVWRUDJHRI&2LQGHHSXQGHUJURXQGUHVHUYRLUVUHTXLUHV
DFDUHIXODVVHVVPHQWRIWKHOHDNDJHULVNWRJURXQGZDWHUVRXUFHVUHVXOWLQJLQHOHYDWHGWRWDOGLVVROYHGVROLGV7'6DQG
WUDFHPHWDOFRQFHQWUDWLRQVDQGORZHUS+FDXVLQJWKHGLVVROXWLRQRIWUDFHPHWDOVIURPPLQHUDOV>@


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
)RUWKLVVWXG\ZHHYDOXDWHWKHRXWSXWIURPFRPSOH[UHDFWLYHWUDQVSRUWVLPXODWLRQVWRDVVHVVWKHUROHRIPLWLJDWLRQ
RIOHDN\ZHOOVZKLFKFDQWUDQVPLW&2DQGEULQHIURPGHHSXQGHUJURXQGVWRUDJHUHVHUYRLUVWRVKDOORZJURXQGZDWHU
VRXUFHVDQGLWVLPSDFWRQSOXPHUHPHGLDWLRQXVLQJWKHDSRUWLRQRIWKH+LJK3ODLQV$TXLIHULQ6RXWKZHVWHUQ.DQVDV
DVDPRGHOV\VWHP
2. Methodology 
7KHPHWKRGRORJ\DQGFRPSXWDWLRQDOIUDPHZRUNXVHGPXOWLSKDVHIORZJHRFKHPLFDOPRGHOLQJKLJKSHUIRUPDQFH
FRPSXWLQJDQGXQFHUWDLQW\TXDQWLILFDWLRQDQGLVSDUWRIWKHVFLHQFHEDVHGWRROVHWWRDVVHVVSRWHQWLDOLPSDFWVRI&2
LQMHFWLRQ RQ JURXQGZDWHU FKHPLVWU\ DV D SDUW RI WKH1DWLRQDO5LVN$VVHVVPHQW 3DUWQHUVKLS >@ 7KH+LJK 3ODLQV
$TXLIHULVDPDMRUDTXLIHURYHUPXFKRIWKH&HQWUDO8QLWHG6WDWHV86DFFRXQWLQJIRURIDOOLUULJDWLRQXVHGLQ
WKH86>@)LJXUH


)LJXUH0DSRIWKH+LJK3ODLQV$TXLIHUOHIWDQGVFKHPDWLFVKRZLQJDQH[DPSOHXQVDWXUDWHGDQG
VDWXUDWHGPRGHOGRPDLQZLWKVDPSOHELPRGDOGLVWULEXWLRQVRIVDQGDQGFOD\ULJKW

7KHQXPHULFDOIUDPHZRUNFRQVLVWVRIDOLWKRORJLFPRGHOEDVHGRQZHOOFRPSOHWLRQUHFRUGVIURPWKH+LJK3ODLQV
DTXLIHU XVLQJ WKH 7352*6 >@ DQ LQGLFDWRU WUDQVLWLRQ SUREDELOLW\ DQG VSDWLDO0DUNRY FKDLQ DSSURDFK DQG WKH
18)7 >@ D UHDFWLYH WUDQVSRUWPRGHO WR VLPXODWH WKH UHOHYDQW OHDNDJH DQG JHRFKHPLFDO SURFHVVHV GULYHQ E\
VROXELOLW\RI&2$TXLIHUKHWHURJHQHLW\ZDVFKDUDFWHUL]HG IURP WKHSURSRUWLRQVRIJHRORJLFXQLWV LGHQWLILHG IURP
OLWKRORJLFZHOOORJVIURPWKH+LJK3ODLQVDTXLIHUWRGHULYHVSDWLDOFRUUHODWLRQOHQJWKVIRUWKHELPRGDOVDQGDQGFOD\
OLWKRORJLF W\SHV ,Q DGGLWLRQ WR DTXLIHU KHWHURJHQHLW\ RWKHU SDUDPHWHUV FRQVLGHUHG DUH SHUPHDELOLW\ SRURVLW\ DQG
&2DQGEULQHOHDNDJHUDWHVRYHUWLPHDQGPLWLJDWLRQWLPHRIWKHOHDNDJHVRXUFH7DEOHV
 


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7DEOH3DUDPHWHUUDQJHVIRUQXPHULFDOPRGHODQG6RERO¶VHQVLWLYLW\DQDO\VLVUHVXOWV
3DUDPHWHUD 0LQ 0D[ 8QLW
6RERO¶DQDO\VLVYDOXHV
S+ S+
6DQGYROXPHIUDFWLRQ     
&RUUHODWLRQOHQJWKLQxGLUHFWLRQ   >P@  
&RUUHODWLRQOHQJWKLQzGLUHFWLRQ   >P@  
3HUPHDELOLW\LQVDQG   /RJ>P@  
3HUPHDELOLW\LQFOD\   /RJ>P@  
6RGLXPPRODOLW\   /RJ>PRONJ@  
&2IOX[   NJV  
&XPXODWLYHLQMHFWHG&2PDVV   /RJ>NJ@  

D 0HDQYDOXHVIRUFRUUHODWLRQOHQJWKLQy  PVDQGDQGVKDOHSRURVLW\RIDQGVDQG
DQGVKDOHYDQ*HQXFKWHQmRIDQGVDQGDQGFOD\YDQ*HQXFKWHQ ×DQG
E ×3DDQG&2GLIIXVLYLW\PV



)LJXUH%DVLFVKDSHRIWKHJHQHUDOL]HGD&2DQGEEULQHLQSXWFXUYHZLWKSDUDPHWHUV

7DEOH3DUDPHWHUUDQJHVIRUJHQHUDOL]HG&2OHDNDJH
PRGHO
 7DEOH3DUDPHWHUUDQJHVIRUJHQHUDOL]HGEULQHOHDNDJH
PRGHO
3DUDPHWHU 0LQ 0D[ 1RWHV  3DUDPHWHU 0LQ 0D[ 1RWHV
T&2   /RJ±NJV  T%51   /RJ±NJV
7F   \U  7E   \U
7F   \U     5DWLRIRUEULQHOHDNDJHWDLO
7F   \U  7E   \U
7P   0LWLJDWLRQWLPH\U 7P   0LWLJDWLRQWLPH\U
$V\QWKHWLFOHDNDJH FXUYHLVXVHGWRVLPXODWHOHDNDJHRI&2 DQGEULQHLQWRWKHDTXLIHU)LJXUHEDVHGRQWKH
SDUDPHWHUGLVWULEXWLRQVOLVWHGRQ7DEOHV DQG7KHOHDNDJHFXUYHSDUDPHWHUVZHUHGHULYHGIURPFRQGXFWLQJ
ZHOOERUH VLPXODWLRQV IRU HDFK  ZHOOV LGHQWLILHG DV SRWHQWLDO OHDNHUV ZLWKLQ WKH PRGHO GRPDLQ ZLWK ERXQGDU\
FRQGLWLRQVRULJLQDWLQJIURPDGHHSUHVHUYRLUPRGHO&RQFHSWXDOO\&2 IOX[HVLQFUHDVHWRDFRQVWDQWOHYHOGXULQJWKH
RQVHW RI &2 LQMHFWLRQ LQWR WKH VWRUDJH UHVHUYRLU PDLQWDLQ D FRQVWDQW IOX[ GXULQJ LQMHFWLRQ DQG WKHQ GHFUHDVH
RYHUWLPH WR VRPH PLQLPDO OHYHO %ULQH OHDNDJH ZDV FKDUDFWHUL]HG ZLWK D PD[LPXP DQG FRQVWDQW IOX[ GXULQJ
LQMHFWLRQZKLFKIDOOVRIIWRDILQDOIOX[DIWHULQMHFWLRQVWRSV $PLWLJDWLRQWLPHSDUDPHWHUZDVLPSOHPHQWHGLQWRWKH
V\QWKHWLFOHDNDJHFXUYHWRUHSUHVHQWSOXPHGHWHFWLRQDQGOHDN\ZHOOPLWLJDWLRQ LPSOHPHQWHGE\WXQLQJWKH&2 DQG
EULQHIOX[WR]HUR
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7KHJURXQGZDWHUPRGHO GRPDLQ H[WHQGV WR NP×  NP× PZLWK D VLQJOH OHDNDJH VRXUFHSODFHG DW WKH
ERWWRPRIWKHPRGHOQWKHx PDQGy PDQGPDLQWDLQHGE\DFRQVWDQWK\GUDXOLFJUDGLHQWLQWKHx
GLUHFWLRQ  7KH RUWKRJRQDO JULG KDV D WHOHVFRSLQJ PHVK FHQWHUHG DURXQG WKH LQMHFWLRQ ORFDWLRQ ZLWK FHOO ZLGWKV
H[WHQGLQJIURPPWRPLQWKHxGLUHFWLRQPWRPLQWKHyGLUHFWLRQDQGLVIL[HGDWPLQWKHz
GLUHFWLRQ 7KH JULG GLPHQVLRQV DUH   DQG  QRGHV LQ WKH x y DQG z GLUHFWLRQV UHVSHFWLYHO\ IRU D WRWDO RI
QRGHV ,VRWKHUPDOFRQGLWLRQVZDVDVVXPHGZLWKDJHQHULF WHPSHUDWXUHRI& LQ WKHHQWLUHGRPDLQ7KH
XSSHUPRVWSRUWLRQRIWKHPRGHOZDVVHWDVDWPRVSKHULFDOORZLQJIRUERWKVDWXUDWHGDQGXQVDWXUDWHGFRQGLWLRQV

$WKRXVDQGVLPXODWLRQVZHUHFRQGXFWHGHDFKFRVWLQJRIKRXUVRIVLPXODWLRQWLPHRQWKHKLJKSHUIRUPDQFH
FRPSXWLQJ FOXVWHUV DW /DZUHQFH /LYHUPRUH 1DWLRQDO /DERUDWRU\ PRGHOV FRPSOHWHG WKH \HDU VLPXODWLRQ
WLPHZLWKLQFRPSXWDWLRQDOKRXUV6LPXODWLRQVWKDWIDLOHGWRFRQYHUJHZLWKLQWKHKRXUZLQGRZZHUHSULPDULO\
DWWULEXWHGWRODUJHSUHVVXUHEXLOGXSVVSHFLILFDOO\ZLWKLQORZSHUPHDELOLW\]RQHVLQWKHVRXUFHDUHDV)RUWKHSXUSRVH
RIWKLVVWXG\WRDVVHVVWKHLPSDFWRISOXPHPLWLJDWLRQPRGHOVWKDWLOOXVWUDWHGWKHLPSDFWRIPLWLJDWLRQZLWKLQWKH
\HDUVLPXODWLRQVKRZQE\DUHWUDFWLQJSOXPHFXUYHH[DPSOHVVKRZQLQ)LJXUH

,QWKLVZRUNZHXVHS+DVDQLQGLFDWRURI&2OHDNDJHDQGWRWDOGLVVROYHGPHWDODVDQLQGLFDWRURIEULQHOHDNDJH
3OXPHYROXPHVFRPSXWHGIURPWKHQXPHULFDOVLPXODWLRQVZHUHDVVHVVHGDWWKUHVKROGVUHSUHVHQWLQJWKHDPELHQWQR
LPSDFWWKUHVKROGS+7'6!PJ/IRUWKH+LJK3ODLQVDTXLIHUDQGWKHQDWLRQDO86(QYLURQPHQWDO
3URWHFWLRQ$JHQF\(3$UHJXODWRU\PD[LPXPFRQFHQWUDWLRQOHYHO0&/WKUHVKROGS+7'6!PJ/
7KHQRLPSDFWWKUHVKROGVUHSUHVHQWWKHORZHVWGHWHFWDEOHFRQFHQWUDWLRQVDERYHWKHEDFNJURXQGZDWHUFKHPLVWU\WKDW
FRXOGEHXVHGWRTXDQWLI\DFKDQJHLQJURXQGZDWHUFKHPLVWU\UHVXOWLQJIURP&2OHDNDJHDQGZHUHFDOFXODWHGDVWKH
FRQILGHQFHFRYHUDJH WROHUDQFH OLPLW IURPDGDWDVHWVSHFLILF WKH+LJK3ODLQV$TXLIHUKRZHYHU WKHQR
LPSDFWWKUHVKROGIRUWKHDTXLIHUZDVFRPSXWHGDWS+XQLWVORZHUWDQUHSRUWHGE\>@WRGLVWLQJXLVKWKHPRGHO
UHVXOWVIURPWKHEDFNJURXQGFRQFHQWUDWLRQ

$6RERO¶VHQVLWLYLW\DQDO\VLVZDVFRQGXFWHG WRDVVHVV WKHFRQWULEXWLRQRIHDFKSDUDPHWHU WR WKHYDULDQFHRI WKH
RXWSXW UHSRUWHG RQ7DEOH 5DQNHG LQ RUGHU RI LPSRUWDQFH FXPXODWLYH LQMHFWHG&2PDVV&2 IOX[ DQG VDQG
SHUPHDELOLW\ZHUHWKHPRVWVHQVLWLYHSDUDPHWHUVFRQWULEXWLQJWRSOXPHYROXPH$OORWKHUSDUDPHWHUVDSSHDUWREH
VHFRQGDU\ RU KDYH DOPRVW DQ LQVLJQLILFDQW RXWFRPH RQ PRGHO RXWSXW ,Q JHQHUDO SOXPH YROXPHV DUH VWURQJO\
FRUUHODWHGWRWKHFXPXODWLYHDPRXQWRI&2OHDNHGLQWRWKHDTXLIHU

3. Results and discussion. 
1DWXUDO UHFKDUJH KDV WKH SRWHQWLDO WR UHPHGLDWH FKDQJHV WR JURXQGZDWHU FKHPLVWU\ EXW LW PD\ WDNH VHYHUDO
GHFDGHV  7KH HIIHFW RI ZHOO PLWLJDWLRQ LV LOOXVWUDWHG LQ )LJXUH  LQ SODQ YLHZ IRU RQH UHDOL]DWLRQ RI WKH SOXPH
HYROXWLRQLQZKLFKWKHZHOOLVIL[HGDIWHU\HDUVRIOHDNDJH$VLVH[SHFWHGWKHS+DQG7'6SOXPHVLQFUHDVHLQ
VL]HDVOHDNDJHLQWRWKHDTXLIHUFRQWLQXHVEHWZHHQDQG\HDUVUHGDQGRUDQJHFRQWRXUV2QFHWKHOHDNLQJZHOO
KDVEHHQIL[HGWKHS+SOXPHLQFUHDVHVLQVL]HDQGDOVRPLJUDWHVLQWKHGLUHFWLRQRIWKHSOXPH\HOORZFRQWRXU7KH
ODUJHUSOXPHVL]HLQWKHDEVHQFHRIDFWLYHOHDNDJHLVGXHWRGLOXWLRQDQGGLVSHUVLRQRIPRUHDFLGZDWHUVZLWKLQWKH
SOXPHEHWZHHQDQG\HDUVRUDQJHDQG\HOORZFRQWRXUV7KHS+SOXPHFRQWLQXHVWRPLJUDWHGRZQJUDGLHQW
ZLWKQRFKDQJHLQYROXPHEHWZHHQDQG\HDUV\HOORZDQGJUHHQFRQWRXUV(YHQWXDOO\QDWXUDOUHFKDUJHDQG
GLVSHUVLRQUHGXFHWKHSOXPHDVLVHYLGHQWE\VOLJKWO\VPDOOHUDUHDDW\HDUVF\DQFRQWRXU

,QFRQWUDVWWRJURXQGZDWHUS+QDWXUDOUHFKDUJHDQGGLVSHUVLRQKDYHUHVWRUHGJURXQGZDWHUTXDOLW\WR7'6YDOXHV
EHORZWKHQR LPSDFW WKUHVKROGZLWKLQ\HDUVRI IL[LQJ WKH OHDNLQJZHOO 7KHPXFKIDVWHU UHFRYHU\RI WKH7'6
LPSDFWHGJURXQGZDWHURYHUWKHS+LPSDFWHGJURXQGZDWHUUHIOHFWVWKHPXFKKLJKHUEDVHOLQHWKUHVKROGDVZHOODVWKH
PRGHVW7'6FRQFHQWUDWLRQRIWKHOHDNLQJEULQHaPJOLQWKLVH[DPSOH7KHVHWZRIDFWRUVUHVXOWLQVPDOOHU
SOXPHVWKDWDUHPRUHHDVLO\UHVWRUHG*URXQGZDWHUSOXPHVH[SRVHGWRPRUHFRQFHQWUDWHG7'6OHDNVZRXOGH[KLELW
VLPLODU SOXPH EHKDYLRU WR WKDW LOOXVWUDWHG IRU S+ SOXPHV  7KHVH LPDJHV RI SOXPH HYROXWLRQ VKRZ WKDW QDWXUDO
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UHFKDUJHDQGGLVSHUVLRQKDYH WKHSRWHQWLDO WR UHWXUQJURXQGZDWHU WR LWVSUHOHDNDJHFRQGLWLRQEXW WKDW LW FDQ WDNH
PDQ\\HDUVGHSHQGLQJRQVL]HDQGFRQFHQWUDWLRQRIWKHOHDNDQGZKHQLWZDVIL[HG7KH\DOVRVKRZWKDWSOXPHVDUH
QRWVWDWLFEXWPRYHLQWKHGLUHFWLRQIORZ




7KHDPRXQWRIWLPHQHHGHGWRUHVWRUHJURXQGZDWHUDIWHUPLWLJDWLRQLVDFRQVHTXHQFHRIWKHGLOXWLRQRIWKHPRUH
FRQFHQWUDWHGSOXPHV DW WKH OHDNDJH VRXUFH 7KLV LV IXUWKHU LOOXVWUDWHG LQ)LJXUH LQSORWVRIS+DQG7'6SOXPH
YROXPHDWYDULDEOH WKUHVKROGVIURPDJLYHQVLPXODWLRQ7KHUHJXODWRU\DQGQRLPSDFW WKUHVKROGVGHILQHGKHUHS+
DQG7'6 SSPKDYHDIDLUO\EURDGUHVSRQVHWRPLWLJDWLRQUHIOHFWLQJWKHGLOXWLRQDQGGLVSHUVLRQRI
WKHPRUHFRQFHQWUDWHGSRUWLRQVQHDUWKHOHDNDJHVRXUFH)RUWKHVHSDUWLFXODUH[DPSOHVWKHPRVWFRQFHQWUDWHGSOXPHV
DWS+DQG7'6!SSPGLPLQLVKZLWKLQDIHZ\HDUVRIPLWLJDWLRQIRUS+DQGZLWKLQ\HDUVIRU7'6
:KHUHDVSOXPHYROXPHVGHILQHGE\WKHUHJXODWRU\DQGQRLPSDFWWKUHVKROGVGHFUHDVHH[WHQGWRPRUHWKDQ\HDUV
SRVWPLWLJDWLRQRIWKHOHDNDJHVRXUFH


















2XUSDVWZRUNKDVVKRZQWKDWSOXPHYROXPHLVVWURQJO\FRUUHODWHGWRWKHDPRXQWRI&2RUEULQHWKDWOHDNVLQWR
WKH DTXLIHU PXFK PRUH VR YDULDWLRQV LQ SHUPHDELOLW\ DQG VDQGVKDOH FRUUHODWLRQ OHQJWKV >@ )RU WKLV UHDVRQ ZH
H[DPLQHG WKHUHODWLRQVKLSEHWZHHQFXPXODWLYH LQMHFWHG&2PDVVDQGSOXPHYROXPH 7KHUROHRIPLWLJDWLRQZDV
VWXGLHGE\SURMHFWLQJIDOORIIVLQSOXPHYROXPHVV(t) IURPWKHLUPD[LPXPSHDNOHYHOVE\ILWWLQJDVLPSOH*DXVVLDQ
IXQFWLRQHVWLPDWHGE\
)LJXUH([DPSOHRIS+DDQG7'6ESOXPHHYROXWLRQLQSODQYLHZIRUJLYHQVLPXODWLRQ&RORUFRQWRXUV
FRUUHVSRQGWRSOXPHRXWOLQHVDWQRLPSDFWWKUHVKROGVIRUVSHFLILF\HDUV6ROLGFLUFOHVVKRZWKHORFDWLRQRIVKDOORZ
JURXQGZDWHUZHOOVDWWKLVVLWH
 
)LJXUH6DPSOHRXWSXWVIURP18)7VLPXODWLRQVRIDS+DQGE7'6SOXPHVIURPVLPXODWLRQVDQGUHVSHFWLYHO\
VKRZLQJSOXPHYROXPHHYROXWLRQZLWKWLPHIRUVLPXODWLRQVH[KLELWLQJSOXPHUHWUDFWLRQ
 
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V (t) =Vmax exp
t2
2c2





 


:KHUHVmaxLVWKHPD[LPXPSOXPHYROXPHIRUDJLYHQWKUHVKROGtLVWKHWLPHDIWHUWKHPD[LPXPYROXPHLVUHDFKHG
LQ\HDUVDQGcLV DQH[SRQHQWLDOILWWLQJSDUDPHWHU7KLVHTXDWLRQDOORZVXVWRH[WUDFWPD[LPXPSOXPHYROXPHVDV
ZHOODVWKHDPRXQWRIQHHGHGWRUHVWRUHJURXQGZDWHUTXDOLW\:HFKRVHPDVRXUEDVHOHYHOIRUPLQLPXPSOXPH
YROXPHWRLQGLFDWHJURXQGZDWHUUHVWRUDWLRQEHFDXVHLWUHIOHFWVWKHVL]HRIWKHODUJHVWQXPHULFDOPRGHOJULGFHOOVDQG
FRQVWLWXWHVDWKUHVKROGIRUPRGHODFFXUDF\







$VH[SHFWHGSOXPHYROXPHVDUHVWURQJO\FRUUHODWHGZLWKFXPXODWLYH LQMHFWHGPDVVRI&2DVPHDVXUHGE\ WKH
FRUUHODWLRQFRHIILFLHQWR2 RIDQG IRU WKHQRLPSDFW DQG0&/ WKUHVKROGSOXPHVRYHU WKHSHUPHDELOLW\
UDQJHDVVHVVHG)LJXUH7KHVHFRUUHODWLRQVSURYLGHUHDVRQDEOH LQGLFDWLRQRI WKH LPSDFW WKDW&2 OHDNDJHZRXOG
KDYHRQJURXQGZDWHUS+IRUDJLYHQWKUHVKROG7KH\VXJJHVWWKDWDIROGLQFUHDVHLQWKHDPRXQWRI&2OHDNHG
ZLOO UHVXOW LQ D IROG LQFUHDVH LQ WKH YROXPHRI LPSDFWHGJURXQGZDWHU 7KH UHODWLRQVKLS KROGV RYHU D UDQJHRI
WKUHVKROGVDQGFRXOGEHDSSOLHGWRRWKHUDOOXYLXPJURXQGZDWHU6XFKFRUUHODWLRQVEHWZHHQWKHLPSDFWHGYROXPHDQG
DPRXQWRI&2OHDNHGSURYLGHDIUDPHZRUNIRUGLVFXVVLQJDQGSRVVLEO\GHILQLQJDQDFFHSWDEOHOHDNDJHULVN

$WLQWHUHVWWRWKHFDUERQVWRUDJHDQGUHJXODWRU\FRPPXQLWLHVLVQRWRQO\WKHYROXPHRILPSDFWHGJURXQGZDWHUEXW
WKH DPRXQW RI WLPH WKDW LV QHHGHG WR UHVWRUH WKH JURXQGZDWHU DIWHU WKH OHDNDJH VRXUFH KDV EHHQ LGHQWLILHG DQG
PLWLJDWHG7RWDOUHFRYHU\WLPHZDVFRPSXWHGE\DGGLQJWKHWLPHWRSHDNDIWHUPLWLJDWLRQWRWKHHVWLPDWHGUHFRYHU\
SHULRGGHWHUPLQHGE\(TXDWLRQ  7KHPHDQR2 YDOXHV IRU WKHSRVWSHDN UHFRYHU\ZHUH IRU WKHQRLPSDFW
WKUHVKROG DQG  IRU WKH 0&/ WKUHVKROG VXJJHVWLQJ D KLJK GHJUHH RI FRQILGHQFH IRU WKH HVWLPDWHG SOXPH
UHFRYHU\DOORZLQJVRPHFRQILGHQFHLQHVWLPDWLQJWKHUHFRYHU\VWDJHEH\RQGWKH\HDUPRGHOVLPXODWLRQSHULRG

)LJXUH  VKRZV WKH UHODWLRQVKLS EHWZHHQ&2 IOX[ FXPXODWLYH LQMHFWHG &2PDVV SHUPHDELOLW\ DQG UHFRYHU\
WLPH  5HFRYHU\ WLPHV DUH SRVLWLYHO\ FRUUHODWHG &2 IOX[ DQG FXPXODWLYH PDVV LQMHFWHG ZLWK D VHFRQG RUGHU
GHSHQGHQFHRQSHUPHDELOLW\)DVWHUUHFRYHU\ZLWKKLJKSHUPHDELOLW\LVH[SHFWHGHQKDQFLQJGLOXWLRQDQGGLVSHUVLRQ
+RZHYHUWKHUHLVVLJQLILFDQWO\PRUHVFDWWHUZLWKUHFRYHU\WLPHVYDU\LQJE\PRUHWKDQRUGHUVRIPDJQLWXGH:H
DUHFXUUHQWO\LQYHVWLJDWLQJWKHLPSDFWRIDTXLIHUKHWHURJHQHLW\&2IOX[DQGPLWLJDWLRQWLPHRQUHFRYHU\


 
)LJXUH6FDWWHUSORWVVKRZLQJFXPXODWLYHLQMHFWHG&2PDVVDQGYROXPHIRUDS+DQGES+
WKUHVKROGVFRORUFRGHGE\VDQGSHUPHDELOLW\
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$ VLPLODU DQDO\VLV IRU WKH 7'6 SOXPHV VKRZ SRRU R2 ILWV RI  DQG  IRU WKH QRLPSDFW DQG 0&/
WKUHVKROG SOXPHV UHVSHFWLYHO\ 7KH SRRU FRUUHODWLRQ IRU WKH 7'6 QRLPSDFW WKUHVKROG FDQ EH DWWULEXWHG WR WKH
VPDOOHUSOXPHVL]HVVLQFHWKHPD[LPXPEULQHLQMHFWLRQUDWHVDUHDERXWWLPHVVPDOOHUWKDQWKH&2LQMHFWLRQUDWHV
DQGLQJHQHUDOWKH7'6QRLPSDFWWKUHVKROGSOXPHVDUHDERXWRUGHUVRIPDJQLWXGHVPDOOHUWKHS+QRLPSDFW
WKUHVKROG SOXPHV  7KH VPDOOHU 7'6 SOXPHV RFFXS\ IDU IHZHU JULG FHOOV WKDQ WKH S+ SOXPHV VR WKH HIIHFWV RI
UHFRYHU\ DUH FRDUVHU DQG WKH UHODWLYH HUURUVZKHQFRPSDULQJSOXPHYROXPHRXWSXWVZLWKEULQH LQMHFWLRQ UDWHV DUH
PXFKODUJHU


4. Conclusions 
,QWKLVVWXG\ZHDVVHVVHGWKHHIIHFWVRISOXPHPLWLJDWLRQDQGUHFRYHU\RI&2DQGEULQHSOXPHVOHDNLQJLQWRD
JURXQGZDWHU DTXLIHU WR GHPRQVWUDWH WKH FRQVHTXHQFHV RI PLWLJDWLRQ RI WKH OHDNDJH VRXUFH 5HVXOWV IURP WKLV
IUDPHZRUN VKRZ D VWURQJ FRUUHODWLRQ EHWZHHQ WKH FXPXODWLYH LQMHFWHG &2 PDVV DQG WKH YROXPH RI LPSDFWHG
JURXQGZDWHU IRU D JLYHQ S+ WKUHVKROGV:HZHUH DEOH WR H[WHQG WKH RXWSXWV RI WKH QXPHULFDOPRGHO WR HVWLPDWH
SOXPHUHFRYHU\SHULRGVWRSUHLQMHFWLRQJURXQGZDWHUS+FRPSRVLWLRQV7KHUDWHRIUHFRYHU\LVOLNHO\WRGHSHQGRQ
VHFRQGDU\IDFWRUVVXFKDV&2IOX[SHUPHDELOLW\DQGSK\VLFDOKHWHURJHQHLW\5HFRYHU\WLPHVFDQYDU\E\DVPXFK
DV  RUGHUV RI PDJQLWXGH GHPRQVWUDWLQJ WKH LPSRUWDQFH RI HDUO\ SOXPH GHWHFWLRQ DQG ZHOOERUH PLWLJDWLRQ WR
PLQLPL]HWKHORQJWHUPLPSDFWWRJURXQGZDWHUTXDOLW\



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